Dental porcelain material is a typical glass ceramic material that is widely used in dental restoration applications. However, there still exists limited knowledge about the fabrication of this type of materials using binder jetting additive manufacturing process. There are several important factors such as saturation level, power level, drying time as well as spread speed, which would potentially affect the accuracy and strength of the printed parts before and after sintering. Therefore, in this research an extensive experimental study was performed to obtain the optimal process parameters for the dental porcelain materials fabricated via ExOne binder jetting system. The results also provide general printing guidelines for the fabrication of glass ceramic materials.
Introduction
Additive Manufacturing (AM) or 3D printing (3DP) technology refers to processes in which instead of removing the extra materials from the initial block, a part is built up layer by layer using materials which are available in fine powder form. Wide range of materials such as metals, ceramics, polymers, and composites could potentially be used as build material in such technology. AM technology consists of various processes such as stereolithography (SLA), selective laser sintering (SLS), binder jetting process, laminated object manufacturing (LOM), and fused deposition modeling (FDM). Binder jetting process, which was initially developed at the Massachusetts Institute of Technology, is an AM technology whereby the layer addition is realized through selective deposition of a suitable binder (Cima, 1995 , Sachs, 1992 . During the process, successive 2D profiles are then printed, each time on a freshly laid layer of powder until the whole part is complete. Binder, which is deposited through a printhead, would join the respective profiles of each layer together. After completion, the printed part (green part) is baked in an oven in order to obtain enough handling strength. Thereafter, unbound powder is removed from the part and suitable post-processing is carried out such as sintering or infiltration (Sachs, 1992) . The binder jetting process has demonstrated the capability of fabricating parts of a variety of materials, including ceramics, metals, shape memory alloys (SMA), and polymers with an array of complex geometries (Seitz, 2005 , Noguera, 2005 , Lejeune, 1999 , Cawley, 1999 , Vorndran, 2009 , Cappi, 2008 , Lu, 2008 .
Due to its unique capability in printing parts with complicated geometries and using a wide range of built materials including ceramics, binder jetting has received considerable attentions by various researchers. For instance, binder jetting process has been implemented to produce 3D porous scaffolds. This process allows tissue engineers to design and fabricate complicated scaffold shapes with controlled micro-and macro-open porosity architecture (Vaezi, 2010 , CXF, 2002 , Yeong, 2006 . As another example, some researchers utilized the 3D printing binder jetting process for manufacturing of functionally graded material parts (Chiu, 2008 , Hadi, 2014 . However, despite its relatively straightforward work principle, the physics of binder jetting process is rather complex. There exist several adjustable parameters such as binder amount, drying power level, drying time, and powder spread speed which could potentially affect accuracy and strength of the green parts (Vaezi, 2010) . Different works have been conducted on the simulation and optimization of such parameters in this process, and new materials with better strength and performance have been used for fabrication of parts with variety of applications like those in electronics, medicine and dentistry. In (Lanzetta, 2003) , powder with bimodal distribution was used to improve the surface quality of the 3D printed parts. Liou et al. (Liou, 2002) simulated three dimensional droplet formation during inkjet printing. Stopp et al. (Stopp, 2008) utilized a novel approach for calibration of 3D printer and consequently increment of parts accuracy. The method which they implemented was based upon the setting of bleed compensation. Dimitrov et al. (Dimitrov, 2006) studied the achievable dimensional accuracy of the 3D printed parts. As a result, general international tolerance grades of the 3D printed parts produced by binder jetting process with different powders were provided by this research. Suwanprateeb and Suwanpreuk (Suwanprateeb, 2009 ) fabricated transparent models similar to stereolithography models using a new composition of powder and binder via binder jetting process. Ramakrishnan et al. (Ramakrishnan, 2005) evaluated the applicability of ceramic inks with alumina and zirconia powders in ethyl alcohol. In addition, they performed mathematical modeling and simulation with droplet formation and spread in direct ceramic inkjet printing. Also in (Vaezi, 2010) Vaezi and Chua evaluated the effects of layer thickness and binder saturation parameters on 3D printing process.
Despite the various researches in this area, so far very limited work has been focused on the investigation of various controllable printing parameters in binder jetting process, which could substantially affect accuracy and strength of the parts, and introduce deviations even before the parts undergo secondary processes. Therefore, having a good understanding and scientific insight of the practical effects of such parameters on the strength and accuracy seems to be necessary. Printing parameters such as binder amount, drying power level, drying time, powder spread speed, layer thickness and powder size play an important role on the strength and accuracy of the 3D printed parts. In this study four independent adjustable factors in the binder jetting process -binder amount, the drying power level, drying time and powder spread speed -are considered to evaluate their effects on the strength and accuracy of the printed green parts.
Methodology
For this research, off-the-shell dental porcelain was used, which is a commercial product for artificial dental restorations such as crowns, veneers and onlays. The original powder exhibits significant aggregation, which makes it difficult to spread uniformly in the printing process. From the SEM microscopy, the porcelain particles have irregular shapes and different sizes ranging from 0.3-10 μm (Figure 1 ). It was previously found that the irregular morphology and large particle size range significantly reduces the powder flowability (Yang, 2013) . In order to improve the flowability of the powder, a flow agent was added to the porcelain powder. The function of the flow agent is believed to be analogous to the addition of sand between two surfaces, which serves as low friction contact media and therefore reduces the resistance of relative motions between the powder particles. The flow agent chosen was Aerosil R 972 Hydrophobic fumed silica powder (COSMOS Plastic & Chemicals), with an average particle size of 16 nm. This powder is composed of 99.8% fumed silica after treated with dimethyldichlorosilane (DDS) based on a hydrophilic fumed silica with a specific surface area of 130 m2/g (Aerosil R 972 MSDS). Up to 10% volume percentage flow agent was measured and added to the original porcelain powder, and the container with the mixture was shaken by hand until well-proportioned mixed powder was visually discernable. Optimal process parameters for 3D printing of porcelain structures Miyanaji et al. For this research, the ExOne M-Lab machine was utilized in order to print the samples This process starts with spreading the first layer on the build plate. After the initial heating of the first layer, a printhead selectively deposits the binder on the specific regions. Thereafter, binder infiltrates into the powder bed and bonds the powder particles to create geometries. After the printing operation of each layer, the powder bed is heated by an infrared heater for a set amount of time in order to partially cure the binder and to give the printed area necessary strength for consequent printing. For each new layer, the powder is fed from the powder feeding chamber via a roller. The procedures are repeated until the parts are complete. The schematic of the ExOne 3DP process is shown in Figure 2 . In binder jetting process, four adjustable parameters considered in this study are defined as follows:
Saturation level is amount of the binder which is deposited through printhead. It is a measurement of the theoretical percentage of void space (V air ) in the print material that is filled with binder (V binder ). The saturation ratio is determined from Equations (1) and (2), and is based on the packing density of the powder bed (PR) and the volume of a defined envelope (V envelope ). The ExOne M-Lab printing software calculates the required volume of binder to be printed once the desired binder saturation and packing density of the powder are input by the user. It is worth mentioning that packing density specifies how much void space exists in the print material after spreading. For dental porcelain which was used for this study, the packing density was 40%.
Desired saturation level = V binder / V air
(1)
Power level is defined as the intensity of applied heat using infrared heater; drying time is an amount of time considered for drying of the deposited binder, and finally spread speed is the rate by which the powder is spread.
Since in the M-Lab machine, the binder saturation level is a the hard-to-change process parameter, split-plot design was chosen to be used for conducting the experiments, saturation level as a hard-tochange factor and power level, drying time, and spread speed as easy-to-change factors. Table 2 shows the levels of the factors which were considered for this study.
Factors
Saturation A full factorial experimental design with a total of 2*3*3*2 = 36 experiments were conducted. Four cubic specimens with the size of 10x10x10 mm were printed out under different combinations of factors levels. Afterwards, the fabricated green parts were put into a drying oven and baked at 200°C for 2.5 hours to fully cure the binder. Figure 3 shows the samples after curing printed with saturation level of 75%, power level of 45%, drying time of 30 s, and spread speed of 2 mm/s. After removing the extra powder, the green parts need to be sintered to achieve the desired strength and density. The general firing schedule for dental porcelain ceramic used in this study is shown in Figure 5 . Based upon previous researches , Yang, 2013 with the sintering parameters, the temperature and holding time that results in the best densification and strength for dental porcelain parts are 900 °C and 1 minute, respectivelytime. In this firing schedule, parts are heated to 500 °C with a set rate of 10 °C/min and held at this temperature for 0.5 hour to completely burn out the binder. After this step the parts are heated to 900 °C with a heating rate of 10 °C/min and held in this temperature for 1 minute, and then cooled at 10°C/min to room temperature.
ANOVA (Analysis of variance) was implemented to analyze the experimental data. Residual analysis from Minitab software proved that this method is a suitable procedure for analyzing the experimental data. Figure 6 shows the effects of the different parameters and their interactions on accuracy of the printed parts in z direction (perpendicular to build plate). Based on ANOVA, power level, spread speed and drying time have significant effects on part accuracy, while the effect of the power level is more significant than other factors. A high heating power cures the deposited binder before it completely join the particles in the specified design area, whilst with a low heating power some binder remains insufficiently cured, which consequently results in part accuracy deterioration. Moreover, from figure 6 it is clear that increasing the saturation level from 50% to 75% does not appear to have significant effect on the accuracy of the parts. Another important fact which could be inferred from the results is that when power level is not sufficient to cure the binder, increasing drying time would help the accuracy. However, when the infrared heater is set to enough power to cure the binder before spreading the next layer and subsequently binder, increasing drying time could negatively affect the accuracy. Similarly, if power level starts to exceed the right amount, increasing the drying time would decrease the part accuracy. In this situation, higher drying time would over-cure the binder which results in week bonds between the successive layers, and consequently less accurate parts.
From the results, powder spread speed appeared to have less significant effect than other parameters. Lower spread speed is always desired for uniform powder spreading and therefore the quality of printed parts. However, it could significantly increase the printing time. Therefore, if speed of spreading exceeds the threshold, it will reduce the part quality in terms of both accuracy and strength. As a general role finer particles require a relatively slower spread speed, whereas relatively higher spread speed could be set for coarse particles (Solaiman, 2013) . Based upon data analysis, the appropriate parameters to obtain the best accuracy in the z direction is the 50% percent saturation level, 60% power level, 2 mm/s for spread speed and 60s for drying time. 
Accuracy in X direction
It was realized that the geometrical accuracies in the X direction (direction along which roller travels) and the Y direction (direction normal to the roller travel direction) are different. Therefore, the accuracies at both directions were investigated. After printing the parts, it was observed that dimensions of the top section (top layers) of some parts vary with those of the bottom section (bottom layers which are printed earlier in the process). Figure 7 shows a general trend observed in such printed parts. This phenomenon happens when the power level or drying time is not sufficient to cure the binder sufficiently. In this case, printing successive layers on top of under-cured binder would decrease accuracy in bottom section of the part more than top layers (which are printed later in the process) probably due to gradually accumulated weights from the top layers. In order to investigate the degree of part distortion, two measurements, top section and bottom section, were conducted for evaluating the accuracy in the X direction for all the printed parts. Figure 8 and 9 show that how different parameters and their interactions affect the accuracy of the printed parts in the x direction. From the results, effect of the parameters and their interactions on Optimal process parameters for 3D printing of porcelain structures Miyanaji et al. accuracy is the same for the both top and bottom sections. However, the top section dimensions are more accurate than those of the bottom sections as expected. In addition, it was previously observed that increasing spread speed would decrease the accuracy in Z direction. However, as shown in figures 8 and 9, effect of powder spread speed on accuracy of the parts in X direction is less significant.
Another noticeable fact that could be concluded from figures 8 and 9 is the different effect of the drying time on top and bottom section. Increasing drying time would continually increase the accuracy of the parts on bottom section. However, for the top section, increasing this parameter first increases and then decreases the part accuracy, which again may be contributed to the over-curesof the binder. Based upon ANOVA results, in order to achieve the best accuracy in X direction saturation level of 50%, power level of 75%, spread speed of 6 mm/s, and drying time of 60s would be optimal. Comparing the results of accuracy in Z and X directions shows that spread speed and power level factors affect differently on accuracy in Z and X directions. In other words, to obtain the better accuracy in z direction, the spread speed should be decreased. However, in order to reach the optimal accuracy in X direction spread speed has to be increased. Although higher power level would reduce binder permeation in X and Y direction after depositing and consequently would increase accuracy, due to over-curing of binder and weak bond between successive layers the part accuracy in the z direction would decrease.
It is worth mentioning that effect of the factors and their interactions on accuracy of the green parts in Y direction are the same as those in X direction. ANOVA demonstrate that 50% saturation level, 75% power level, 6 mm/s spread speed, and 60s drying time are indeed optimal levels of factors for part accuracy in both X and Y directions as expected. 
Green part strength
The factors and their interactions show different trends of effects for green part strength. Figure 12 shows how they influence green part strength. As shown from the figure, increasing saturation level from 50% to 75% would increase part strength by 50%. This can be readily explained that with higher saturation level, more binder would penetrate in vertical and lateral directions over the surface and, as a result, creates better bonding between particles and between layers.
On the other hand, the green part strength decreases significantly with increasing spread speed and drying time. As mentioned earlier, increasing spread speed would decrease the powder uniformity and packing density of spread powder, and as a result, will decrease the part strength in the green state. Also the more drying time over-cures the binder before spreading the next layer resulting in a weak interface bond between layers and less sufficient wetting between powder particle, which consequently result in less strong green parts.
Furthermore, although increasing the power level from 45% to 60% increases the strength from 55N to 95N (73% increase), further increasing from 60% to 75% decreases the green part strength by 58%, which again could be contributed to the different curing conditions of the binder. Also, the influence of each individual factor should be considered in conjunction with other factors since the interactions of the factors also significantly affect the strength. Figure 13 shows the surface plot of strength in terms of saturation level and drying time interaction. As it could be concluded from this figure, the power level and time for drying the binder should be selected in such a way that the sprayed binder is dried at an optimal condition. The higher the power level is set, the less the drying time would be required. In addition, Figure 12 demonstrates that if the saturation level is increased to obtain better strength, the power level and drying time are to be adjusted accordingly to get reasonable accuracy and strength.
Contour plot of strength versus saturation level and spread speed is shown in Figure 14 . From the figure it is clear that when the saturation level is increased, it is necessary to decrease the spread speed in order to get the optimal strength. In other words, at higher saturation levels the effect of spread speed factor on strength of the green part is more significant. From ANOVA analysis, the two setting scenarios that could result in optimal green part strength could be determined as:
1. Saturation level of 75%, Power level of 60%, Drying time of 60s and Spread speed of 2 mm/s or 2. Saturation level of 75%, Power level of 75%, Drying time of 30s and Spread speed of 2 mm/s Either one the above settings could result in high green part strength. It is worth mentioning that in setting 2 if the drying is increased from 30s to 45s, ANOVA result shows that strength of the printed parts would decrease by 66% due to over-cured binders explained previously. 
.1 Shrinkage in Z direction
For shrinkage calculations, dimensions of the green parts were used as the reference bases. ANOVA results for the shrinkage of the parts after sintering in Z direction have been shown in figure  15 . As could be observed, only spread speed and its interaction with saturation level have significant effects on shrinkage. Figures 16 and 17 show their effects on part shrinkage. From figure 16 it is obvious that higher spread speed will increase the shrinkage and therefore decrease the part accuracy after sintering, which is likely to be contributed by the decrease of packing density and uniformity of the spread powder as explained earlier. Also based on Figure 17 , at 50% binder saturation changing spread speed from 2 mm/s to 6 mm/s could significantly affect the shrinkage. However, at 75% saturation level the spread speed does have considerable effect, which might be a result of the surface tension driven hydrodynamic clumping created by excessive amount of liquid. ANOVA results for shrinkage of the sintered parts in X direction (top section) have been shown in Figure 18 . As expected, the only factor which significantly affects the part shrinkage is spread speed. Figure 19 demonstrates how changing spread speed would affect the shrinkage of the parts in the X direction. In addition, ANOVA results for shrinkage of sintered parts for the bottom section are shown in Figures 20 and 21 , which also show that spread speed is the only significant factor that affects the part shrinkage in the X direction. Since increasing the spread speed affects the packing density and uniformity of the spread powder, higher spread speed will increase the shrinkage and therefore decrease the part accuracy after sintering.
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Shrinkage in Y direction (top & bottom)
As Figures 22 and 24 show, for the case of shrinkage in Y direction for both top and bottom sections, the spread speed parameter is still the most significant factor influencing the part shrinkage after sintering, which exhibit the same trend as the direction as shown in Figures 23 and 25 . 
Conclusion
In this research an extensive experimental study was conducted in an attempt to assess the effect of various printing parameters on part accuracy and strength, which include the binder amount, the drying power, drying time and powder spread speed. The results could be summarized as follows:
Effect of the power level on accuracy of green parts in Z direction is more significant than other factors. Increasing the power level from 45% to 75% increases the part accuracy. Also increasing the spread speed would slightly decrease the green part accuracy in Z direction; and increasing the saturation level from 50% to 75% does not appear to have significant effect on the accuracy of the parts. The appropriate parameters to obtain the best accuracy in the z direction is the 50% percent saturation level, 60% power level, 2 mm/s for spread speed and 60s for drying time. Increasing spread rate from 2 mm/s to 6 mm/s would increase the accuracy of the green part in X direction. Increasing drying time would continually increase the accuracy of the parts on bottom section. However, for the top section, the increase of drying time would first increase and then decrease the part accuracy. In order to reach the optimal accuracy in X direction spread speed should be increased. Also greater power level would increase accuracy. In order to acquire the best accuracy in X direction saturation level of 50%, power level of 75%, spread speed of 6 mm/s, and drying time of 60s would be necessary. Effect of the parameters and their interactions in Y direction are the same as their effects in X direction. Results suggest that 50% saturation level, 75% power level, 6 mm/s spread speed, and 60s drying time are indeed optimal levels of factors for part accuracy in both X and Y directions. Increasing saturation level from 50% to 75% would increase green part strength by 50%. Moreover, the green part strength decreases significantly with increasing spread speed and drying time. Furthermore, the increase of the power level from 45% to 60% increases the strength 55N to 95N which equals to an 73% improvement, while further increase from 60% to 75% decreases the green part strength by 58%. As general rule, the higher the power level is chosen, the less the drying time would be required. If the saturation level is increased to obtain better strength, the power level and drying time are to be adjusted accordingly to get reasonable accuracy and strength. In order to obtain the optimal green part strength either one of following settings could be selected for printing of dental porcelain ceramics:
1. Saturation level of 75%, Power level of 60%, Drying time of 60s and Spread speed of 2 mm/s or 2. Saturation level of 75%, Power level of 75%, Drying time of 30s and Spread speed of 2 mm/s For the shrinkage of the parts after sintering for all direction (Z, X, and Y) the only significant factor is spread speed parameter as expected. In all cases increasing spread speed increase the part shrinkage.
